Introduction
Modern design of low emission combustors is characterized by swirling air in the combustor's dome coupled with distributed fuel injection to maximize mixing. This design results in efficient combustion with extremely low emissions.
Because of a complex interaction between several physical processes, the thermoacoustic dynamics of a swirl-stabilized flame can be very difficult to model accurately. Experimentally obtained transfer matrices are crucial to validate acoustic flame models. Besides validation, the measured transfer functions can give more physical insight to the interactions occurring in the flame. A measured transfer function may also be used directly in an acoustic network, treating the flame element as a "black box."
The idea of experimentally determining the coefficients of an acoustic system represented as a black box with two inputs, two outputs, and two source terms date back to the 1970s ͓1͔. Bodén et al. ͓2͔ applied this technique extensively to several cold flow applications. The idea of using this method to obtain acoustic transfer matrices of combustion processes originates from Paschereit and Polifke ͓3,4͔. The method was further developed and validated ͓5-7͔ and is now a well established tool that proves to be the key experimental method in thermoacoustic analysis at Alstom. The measured transfer matrices were successfully used to predict stability and pulsation spectra of Alstom gas turbines ͓8͔.
The rather harsh conditions in full scale, full pressure test facilities make highly accurate acoustic measurements difficult. This motivated the development of an optical technique for measuring flame transfer functions. Optical flame transfer function measurements are not a novelty at all. This technique was extensively used by many researchers ͓9,10͔. Generally, the chemiluminesence signal is assumed to be proportional to the heat release. This method is valid and straightforward for perfectly premixed flames. However, as pointed out by Schuermans et al.͓7͔, Auer et al. ͓11͔, and Haber et al. ͓12͔ , such an approach yields erroneous results if applied to flames where fluctuations of equivalence ratio are present. The reason why the method does not work in these cases is that the chemiluminesence signal reacts stronger on an equivalence ratio fluctuation than on a mass flux modulation. Thus, if a certain intensity fluctuation is measured, it is impossible to know how large the corresponding heat release fluctuation is. Higgins and co-workers ͓13,14͔ did systematic measurements on OH ‫ء‬ and CH ‫ء‬ chemiluminesence intensity of methane flames and found that the chemiluminesence intensity reacts stronger to fuel concentration variation than to mixture mass flux variation. This is a serious limitation of this technique for application to lean premixed gas turbine burners because all these burners are technically premixed and hence equivalence ratio fluctuations can never be excluded.
Chemiluminesence has typically a power law or exponential dependence on temperature ͑or equivalence ratio͒ and a proportional dependence on mass flux. The different radicals in the flame have typically a different exponential factor. This property was exploited by Higgins et al. ͓14͔ and later by Hardalupas and Orain ͓15͔ by taking the ratio of two chemiluminesence signals as an indicator of ͑steady͒ equivalence ratio. A different but conceptually similar approach is used by Ayoola et.al ͓16͔ where information of simultaneous laser induced fluorescence ͑LIF͒ images of different species is combined to visualize heat release.
In this paper, the idea was extended to measure flame transfer matrices of flames where equivalence ratio fluctuations may be present. The idea is to measure at least two chemiluminesence intensity signals. In the first step, steady state calibration curves are measured. These calibration curves are linearized and inverted to convert measured fluctuating intensity signals into signals representing mixture mass flux and fuel mass fraction fluctuations. A proof of concept is delivered by testing this method on a prototype gas turbine burner and by comparing the results with a purely acoustic method to measure the heat release fluctuations.
Experimental Setup

Atmospheric Combustion Facility.
The tests were performed in an atmospheric pressure, single burner combustion test facility with a full-scale prototype gas turbine burner. The test rig is shown in Fig. 1 . The test rig consists of a plenum chamber upstream of a swirl-inducing burner and a combustion chamber downstream of the burner. The circular combustion chamber consists of an air cooled double walled metal liner. Combustion air is electrically preheated, fed into a plenum chamber, and flows from there through the burner and the combustion chamber. The exhaust system is an air-cooled tube with the same cross section as the combustion chamber to avoid acoustic reflections at area discontinuities. The acoustic boundary conditions of the exhaust system can be adjusted from almost anechoic ͑reflection coefficient ͉r͉ Ͻ 0.15͒ to open end reflection by means of suitably dimensioned orifice plates.
The test was performed on an Alstom EV-type test burner. Such a burner has the unique property of flame stabilization in free space near the burner outlet utilizing the sudden breakdown of a swirling flow, called vortex breakdown. The swirler consists of two halves of a cone, which are shifted to form two air slots of constant width ͓17͔. Gaseous fuels are injected into the combustion air by means of fuel distribution tubes comprising two rows of small holes perpendicular to the inlet ports of the swirler. Complete mixing of fuel and air is obtained shortly after injection.
2.2 Acoustic Measurement Setup. Pressure fluctuations are measured using Brüel and Kjaer water-cooled microphones. The water-cooled 1 4 in. condenser microphones are flush mounted on the walls of the plenum chamber and combustion chamber. The holder consists of a small orifice ͑d = 0.5 mm͒ open to the combustion chamber. The microphone diaphragm is placed in a small cavity and is protected from heat radiation. The resonance frequency f res of the holder is larger than 20 kHz. Using condenser microphones rather than piezoelectric pressure transducers has the advantage of highly accurate phase and amplitude data, which is necessary for acoustic measurements. The frequency response of the microphones in probe holders were compared against standard B&K microphones and showed good agreement. A total of nine axially distributed microphones were used: four in the plenum chamber and five in the combustion chamber. Controlled excitation of the acoustic field was accomplished by a circumferential array of four loudspeakers equally spaced in polar angles. One set of loudspeakers was placed in the plenum chamber at a distance x / D = 4.2 upstream of the dump plane and the second at x / D = 6.8 downstream of the dump plane, where D is the diameter of the combustion chamber.
Optical Setup.
The light emitted by the flame is collected through a water-cooled window by a lens system. The optical detection was accomplished by a nonimaging system of quartz lenses focusing the light on seven different fibers. This setup assures that each fiber obtains the same light and avoids angle dependency. The lens was optimized in order to minimize the intensity dependence from flame position. This is important in order to avoid that the flame movement is interpreted as intensity fluctuation. The opening angle of the system was chosen such that the entire heat release zone was covered. The geometrical extent and movement of the heat release zone are known from previous flame visualization studies.
The light is then distributed to a system of filters and detectors. This yields five separate signals for five different wavelength regions. These chemiluminesence signals are recorded simultaneously with the microphone signals on the same data acquisition system. The optical setup was tested on a Bunsen flame with five different band pass filters of about 10 nm width at central widths ͑CWs͒ of 307 nm, 431 nm, 450 nm, and 515 nm, and one UV transparent broad band filter ͑DUGX11, Schott͒. The transmission curves are shown in Fig. 2 . Using this optical setup, the different channels can be attributed to the occurrence of chemiluminescence of mainly the species ͑OH ‫ء‬ ,CH ‫ء‬ ,C 2 ‫ء‬ ͒, as indicated in Refs. ͓15,18͔. To monitor the broad emission ͑attributed to the CO+ O → CO 2 ‫ء‬ chemiluminescence͒, which contributes as background in the spectrum ͓19͔, a filter with CW of 450 nm is used. All channels mainly detect emission from different species probing a different part of the flame chemistry. Each of these detection windows scales differently with the operating parameters mass flow and flame temperature. With the calibration of at least three averaged steady operating points, this ratio of the channels allows the interpretation as instantaneous measurements of these operating parameters. This reading can be interpreted as fluctuations of the governing heat release parameters ͑adiabatic flame temperature and mixture mass flow͒, as described in Refs. ͓13,14͔. A further correlation of the signals to individual molecular emissions utilizing the spectra can be undertaken and would improve the quality of the interpretation. However, because it is not necessary for the approach described in this work, this was omitted here.
Analysis of Optical Data
The heat release rate does not only depend on equivalence ratio but is given ͑for a combustion efficiency of 100%͒ by the following expression:
where m f and m are the instantaneous values of the mass fluxes of fuel and mixture entering the reaction zone, y is the mass fraction of fuel ͑y = m f / m͒, and the chemical enthalpy of the fuel is represented as H fuel . The mass flux of the mixture through the flame front fulfills the following equality: m f + m a = ͐SdA = S flame A flame . The definition of the flame surface and flame velocity is somewhat arbitrary. However, the definition of both quantities should be such that the product of flame speed and flame area conserves mass across the flame front. Please note that in the following, all relevant quantities are considered as averages of the quantity over the flame surface ͑hence assuming homogeneity of the time-averaged quantities and linearity of the perturbations͒. Transactions of the ASME Experimental studies by several authors have shown that the dependence of OH chemiluminescence on mass flux and equivalence ratio is not the same. For example, Higgins et al. ͓13͔ reported the following experimental correlation for the OH ‫ء‬ chemiluminescence:
with ␣ = 5.23 and ␤ = −0.86. It should be noted that the experiments were performed in a range of operating conditions that did not cover the range of our experiments ͑a higher mixture temperature was used in our experiments͒. Nevertheless, the correlation suggests that care should be taken when interpreting chemiluminescence intensity as a measure for the heat release of technically premixed flames. For example, if an intensity amplitude of 10% of the mean is measured, then this could be due to a 10% fluctuation of mass flow or due to 10/5.23% fluctuation of equivalence ratio ͑which would be associated with a 5.23 times smaller heat release fluctuation͒. Thus, if it is not known in advance what the cause of the intensity fluctuation is, then an error of 500% is introduced. The present work deals with acoustic phenomena. That is why only small perturbation of the flow conditions are considered, which justifies a linearization of Eqs. ͑1͒ and ͑2͒:
in which a prime denotes a perturbation and an overbar signifies the mean quantity: x͑t͒ = x + xЈ͑t͒. Similarly, the linearization of Eq. ͑2͒ yields
Thus, the mass flow fluctuations of the mixture entering the reaction zone can also be interpreted as flame area fluctuations and/or flame velocity fluctuations. Because mЈ / m is expected to be of order uЈ / ū, it can be shown that the influence of density fluctuations can be neglected for low Mach number flow.
The use was made of uЈ Ϸ pЈ / ͑c͒, which is justified because the spatial maximum amplitude of oscillation of pressure is related to the maximum amplitude of velocity by ͉û ͉ max = ͉p ͉ max Ј / ͑c͒. For the Mach number range of our experiment, the relative pressure fluctuations are one to two orders of magnitude smaller than the relative velocity fluctuations. That is why the influence of pressure or density fluctuations in Eqs. ͑4͒ and ͑5͒ will be neglected. Comparing Eqs. ͑3͒ and ͑4͒, it can be concluded that in the absence of equivalence ratio fluctuations ͑yЈ =0͒, the relative heat release fluctuations are equal to the relative intensity fluctuations.
In absence of mass flux fluctuations ͑mЈ =0͒, the heat release fluctuations are related to intensity fluctuations as
Thus, if the chemiluminescence intensity is used as a measure for heat release, one should have prior knowledge of the underlying physical mechanism causing the heat release fluctuations. Both contributions of yЈ and mЈ can be expected in technically premixed burners ͑i.e., when mixing of air and fuel takes place in the burner͒. In most cases of practical relevance, it is impossible to exclude any of the two contributions a priori. So, for cases where both mЈ / m and yЈ / ȳ could be important, the chemiluminesence signal is not a measure for heat release ͑provided ␣ is not equal to 1͒. Typical values for ␣ range between 5 and 10; thus the error introduced by a wrongly assumed physical mechanism is of the order of 1000%.
In this work a method is presented that overcomes this problem. The method uses chemiluminescence of at least two species as input and calculates the heat release from these signals via an inverse operation. Thus, measurement of the intensity of two species would result in two relations like in Eq. ͑4͒. Denoting the two species by subscripts 1 and 2, these two equations can be written in matrix form as 
If ␣ 1 ␣ 2 , then the system can be inverted in order to calculate mЈ / m and yЈ / ȳ from measured I 1 Ј/Ī 1 and I 2 Ј/Ī 2 .
This concept can be extended to the more general case with K species and a model structure different from Eq. ͑2͒ by linearization of the intensity functions.
The matrix J is thus a normalized Jacobian matrix of the intensity functions. In the case of K Ͼ 2, the system is overdetermined and hence the system has to be inverted in least-squares sense:
in which the following notation was introduced: X † ϵ͑X ‫ء‬ X͒ −1 X ‫ء‬ , where the asterisk denotes the transposed complex conjugate of the matrix.
This equation can either be applied to the time traces of the signals IЈ͑t͒ or to the Fourier coefficient of the transformed signal Î͑͒. In order to apply this method, the derivatives of the intensities with respect to the mass flow and fuel fraction need to be known. These can be obtained from a set of calibration measurements where the chemiluminescence intensities of all the species are measured while changing the time-averaged mass flow and fuel fraction. The derivatives can be obtained by approximating them by finite differences of the data. However, in this work a curve fit with equations similar to Eq. ͑1͒ is performed, and the derivatives of these curves are obtained analytically.
With heat release fluctuations measured in this way, a flame transfer function can be obtained if the acoustic velocity fluctuation in front of the flame is measured. In the case of a negligible effect of the influence of pressure on the heat release fluctuation, the transfer function is obtained as
Note that generally û 1 / ū 1 m / m , this is because m is defined as the instantaneous mass flux of mixture taking part in reaction, which is equal to the integral of the product of flame area, flame speed, and density over the flame area. In the steady state, both quantities will be equal ͑up to order of M 2 ͒, but for higher frequencies, the flame front dynamics ͑i.e., the kinematic response of the instantaneous flame front location and area to a velocity perturbation͒ will cause a frequency dependent difference between the two.
The optical method proposed here has the advantage since it does not only provide quantitative heat release fluctuations but it also quantifies the underlying physical mechanisms that cause the heat release fluctuations: It shows what part of the heat release is caused by equivalence ratio fluctuations and what part by flame front dynamics. To exploit this even more, the dependence of the fluctuations of mass flux and mass fraction on the acoustic pressure and velocity is investigated. These quantities are related by a transfer matrix C:
Note that the matrix is a function of frequency and that the Fourier coefficients of the pressure are normalized by c, thus p ͑͒ has units of m/s. In order to obtain the four matrix elements from the experimental data, at least two linearly independent test states are required. These test states are generated by consecutively applying forcing with the upstream and downstream loudspeakers. Denoting the upstream forcing test results with superscript A and the downstream excitation case with superscript B, the matrix C is obtained as
The pressure and velocity fluctuations û 1 and p 1 can be obtained from acoustical measurements. This is done using the microphones placed before and after the burner together with the multimicrophone method as will be explained in Sec. 4. The Rankine-Hugoniot relations give the following relations between the acoustic velocities on both sides of a low Mach number interface with heat release:
From the definition of the flame transfer matrix and Eqs. ͑13͒ and ͑15͒, it follows that the transfer matrix elements are given by
Transfer Matrix Measurement
The acoustic transfer matrix T of an acoustic system gives the dynamic relation between the acoustic fields on both sides of the system. It is defined here as
The subscripts d and u refer to locations upstream and downstream of the element. The symbols p and û represent acoustic pressure and velocity. These quantities correspond to the unsteady irrotational part of the pressure and velocity field.
The four frequency dependent elements of the transfer matrix T are obtained by forcing the system with loudspeakers and measuring the response with microphones. A detailed description of this technique is given in Ref. ͓7͔ . The most important aspects will be repeated here. Because Eq. ͑18͒ provides two equations in four unknowns, at least two independent test states are required to extract the four elements of T. Thus, using the same notation as in Eq. ͑14͒, the transfer matrix is obtained as
The multimicrophone method is used in order to obtain the acoustic velocity and pressure at the reference position from data of acoustic pressure at multiple microphone locations. It makes use of the solution of the one dimensional wave equation in presence of mean flow p ͑ , x͒ = f͑͒e −i͑/c͒͑x/͑1+M͒͒ + ĝ ͑͒e i͑/c͒͑x/1−M͒ , in which the Riemann invariants f͑͒ and ĝ ͑͒ are integration constants whose values depend on the initial conditions and boundary conditions. The acoustic pressure measured by N microphones in a straight duct at positions x n can thus be expressed as
in which the following notation z n ϵ e −i͑x n /c͒ is used. The Riemann invariants can be calculated from the measured microphone signals by solving Eq. ͑20͒, provided that at least two microphones were used. The solution in the least-squares sense is given by
The acoustic velocity at the reference position is then given by û ͑x =0͒ = f − ĝ . Using the matrix notation, this can conveniently be expressed as
Applying the operation of Eq. ͑22͒ to both the microphones upstream and downstream of the element yields the matrix with acoustic pressures and velocities required to solve Eq. ͑19͒ for T.
Flame Transfer Matrix.
In order to measure a transfer matrix, arrays of microphones have to be placed at both sides of the element. Since a flame is always stabilized by some kind of flame holder ͑the "burner"͒, it is not possible to measure a flame transfer matrix directly. However, the transfer matrix of the combined burner and flame element ͑T͒ can be measured, along with the transfer matrix of the burner ͑B͒ only ͑in the absence of combustion but with flow͒. The desired flame transfer function ͑F͒ can then easily be obtained from
͑23͒
The underlying assumption is that the transfer matrix ͑B͒ does not change due to the combustion process.
Results
Prior to the transfer function measurement experiments, a calibration experiment was performed by operating the test facility at three adiabatic flame temperatures and four mixture mass flow settings. The time traces of the chemiluminesence data were recorded. In order to get an estimate of the mean intensities of the signals, the median value of the time traces was evaluated. These values are plotted in Fig. 3 for the signal of CW307. The values of k and ␣ in Eq. ͑2͒ were solved for in least-squares sense by linear regression of the measured data. Linear regression could be used because ln͑I / m͒ =ln͑k͒ + ␣ ln͑T͒ is linear in the parameters ln͑k͒ and ␣. The results of this curve fit are shown in Fig. 4 as well. Note that during the temperature variation experiment, the velocity was not held exactly constant. This explains why the fitted trend line does not coincide with the fitted data points. A similar fit was performed for the other chemiluminesence signals. Remarkably, the curves were very similar with only about 10% difference in the value of the exponent ␣. The values of ␣ for all five signals are shown in Table 1 together with the fitting statistics. The relative error E represents an average value of the normalized residuals of the fit E =1/ N͚ n ͉I n − Ĩ n ͉ / In. The value of R 2 is a measure for the explained variation of the data. It is defined as one minus the variance of the residuals divided by the variance of the data. It was tabulated together with the values obtained for ␣ in Table 1 . Considering that only two parameters were fitted to six data points, the fit is remarkably good. A transfer function experiment was carried out by applying a sequence of pure tone excitations to the loudspeakers. Excitation was applied upstream and downstream consecutively. The response of the nine microphones and the five chemiluminescence signals was recorded, and the Fourier coefficients at the forcing frequency were evaluated. The multimicrophone method ͑Eq. ͑22͒͒ was used to obtain the acoustic velocities and pressures at the burner exit plane. First, a test without combustion was done in order to obtain the burner transfer matrix B using Eq. ͑19͒. A similar test with combustion was carried out. From the measured acoustic signals, the heat release 
͑24͒
The relative heat release fluctuations ͑i.e., the Fourier coefficients of the heat release signal divided by the mean heat release͒ were also calculated from the optical signals by making use of Eqs. ͑3͒ and ͑11͒. A comparison between the results of the purely optical method and the purely acoustical method for obtaining the heat release is shown in Fig. 4 . The comparison shows a very good agreement of the phase while the agreement of the absolute value is reasonable for lower frequencies, but shows stronger deviations for higher frequencies. In some literature references, the relative intensity fluctuations are interpreted as relative heat release fluctuations. For comparison, this quantity was also plotted in Fig. 4 . Although the phase matches reasonably, the absolute values do not even capture the trends. As will be shown later, the main component of the heat release fluctuations in this case is due to mass flux fluctuations. Note that if the interaction would take place via equivalence ratio fluctuations, then the relative intensity fluctuations would be an order of magnitude larger than the values recorded here. Clearly, the method proposed in this paper is not biased by prior assumptions on the nature of the interaction mechanism.
From the acoustic data available, the flame transfer matrix F is calculated using Eqs. ͑19͒ and ͑23͒. The result is plotted in Fig. 5 for the F 12 and F 22 elements. In the same figure, the flame transfer matrix elements obtained from the optical data are plotted ͑using Eq. ͑16͒͒. Although the match is not perfect, the comparison is reasonable both quantitatively and qualitatively. Note that the F 12 element is considerably smaller than the F 22 element, which means that the influence of velocity fluctuations on the transfer function is more important than the influence of pressure fluctuations. However, the influence of pressure fluctuations on this burner is significant and should not be neglected. In order to investigate the nature of this transfer matrix, the transfer matrix C is analyzed. It was obtained from Eqs. ͑11͒ and ͑14͒ and shows how the mass flux fluctuations through the flame ͑i.e., flame surface or flame velocity fluctuations͒ and fuel mass fraction fluctuations depend on the acoustic pressure and velocity. The matrix elements are plotted in Fig. 6 . This figure shows that the C 12 element ͑which relates mass flux to velocity͒ is most dominant. The C 22 element has a considerable magnitude as well, which means that fuel mass fraction fluctuations are caused by velocity fluctuations. This is a well known mechanism: If the injected mass flow of fuel is fairly constant, then a modulation of the velocity in the burner will cause equivalence ratio fluctuations at the injection location. This mechanism is explained in more detail in Refs. ͓6,7͔. These concentration waves are convected with mean flow from the injector to the flame. Fuel mass fraction fluctuations caused by pressure fluctuations ͑C 21 ͒ are significantly smaller but not negligible. The physical explanation is that the fuel system is not entirely stiff, which means that pressure fluctuations cause a modulation of the fuel supplied by the injection holes. The C 11 element describes the influence of the pressure fluctuations on the flame speed or area. For natural gas flames, the flame area and speed can be considered independent of the pressure. So, this term is indeed expected to be small. However, flame speed depends on the equivalence ratio and, as mentioned before, equivalence ratio fluctuations can be caused by pressure fluctuations.
As a check of consistency of the method, it is interesting to analyze the values of the C 12 and C 22 elements for frequencies approaching zero. For quasisteady changes of the velocity ͑i.e., approaching zero Hz͒, the relative mass flux through the flame front should be equal to the relative velocity in front of the flame. Hence, the C 21 element should approach a value of +1 for zero frequency. Similarly, a quasisteady increase in velocity in the burner at constant mass flow of fuel results in a proportional de- Transactions of the ASME crease in the mass fraction of fuel. Hence C 22 should be −1 at 0 Hz. Note that the lowest frequency measured was a Helmholtz number of He= 0.1; however, one can reasonably estimate from Fig. 6 that toward zero frequency, both elements have an absolute value of about 1, while the phase of C 12 assumes a value of close to zero and the phase of C 22 a value of about , which demonstrates that at least the very basic physical conservation laws are correctly represented by this matrix.
Discussion
Both the newly developed optical method for measuring transfer matrices and the acoustic approach yield similar results. As mentioned before, the two methods have a significant difference in the absolute values for the high frequencies. This difference can be due to uncertainties in both the optical and the acoustic method. The main possible sources of uncertainty of the optical method are as follows: ͑1͒ The optical arrangement does not have a spatially uniform efficiency ͑i.e., light of equal intensity emitted from different regions of the combustion chamber is measured with a different intensity͒. Because of this, an intensity fluctuation due to periodic flame motion could be recorded, although this does not represent fluctuating heat release. ͑2͒ The inversion operation in Eq. ͑11͒ may cause strong sensitivity to measurement uncertainty if J is badly conditioned ͑i.e., if the rows of matrix J are linearly dependent͒. Indeed, the values of ␣ ͑Table 1͒ do not differ strongly. However, an error analysis shows that the discrepancy cannot be explained by this. ͑3͒ It was assumed that the flame is spatially homogeneous. If this is not the case ͑i.e., there are hot spots in the flame͒, then Eq. ͑2͒ will no longer be valid for the integrated light intensity. However, because measured levels of NO x emissions were low during the experiment, it is likely that the temperature distribution was homogeneous. ͑4͒ It is assumed that the intensity signals are proportional to the fluctuating heat release components. In case a quasisteady component contributes to the signal ͑e.g., black body radiation of the liner͒, this would bias the calibration process. It is, however, not expected that to be the case here because the liner temperature was cold enough to avoid components in the UV bands. ͑5͒ It is assumed that the time scale of the chemical reaction is much smaller than acoustic or convective time scales. If this is not true, then the matrix J would not be constant but frequency dependent. For the range of frequencies considered here, we may consider this assumption to be valid. ͑6͒ Linearization is applied, which implies that the fluctuation amplitudes are assumed small enough.
The main sources of uncertainty in the acoustically measured transfer function are as follows: ͑1͒ Speed of sound downstream of the combustion zone. Although the adiabatic flame temperature can be obtained with reasonable accuracy ͑from the measured mass flow, temperature, and composition of the mixture͒, the heat flux through the cooled combustion chamber liners is more difficult to estimate. A resulting error in the speed of sound may cause problems when using the multimicrophone method. The introduced error can be very large in the case of resonant behavior. The relative error is of order 1 2 Z He times the normalized error in the temperature, where Z is the specific impedance of the test rig. Since the test rig is nearly anechoic Z Ϸ 1 and HeϷ 1, then even an error in the temperature as large as 100 K will not cause an error larger than 3% in worst case conditions. ͑2͒ The inversion of the burner transfer matrix in Eq. ͑23͒ introduces an uncertainty, which is more difficult to quantify. It was assumed that the burner transfer matrix measured in the reactive case is the same as in the nonreactive case, which is difficult to verify.
The determination of the matrix C allows for an assessment of the underlying physical mechanisms of the thermoacoustic interaction processes. It directly relates the contribution of the fuel system interaction, equivalence ratio fluctuations, and flame front dynamics on the heat release. For the test burner under investigation, the most important coupling mechanism was found to be the flame front dynamics ͑mass flux fluctuations͒. However, as various investigations have shown, this is not always the case: Depending on the type of burner, either fuel system interactions or equivalence ratio fluctuations may become dominant.
Conclusions
A novel method for the experimental determination of flame transfer matrices was presented. The proposed method makes use of multiple chemiluminesence signals. The method has the advantage since it directly reveals the nature of the interaction mechanism because it allows for the identification of the contribution of equivalence ratio fluctuations and flame front dynamics in an intermediate step. A proof of concept is given by comparing this method with a purely acoustic method for measuring flame transfer functions. The quantitative agreement between the two methods is reasonable. Possible causes for the difference are discussed. The method was applied to a full-scale prototype gas turbine burner and quantified the underlying interaction mechanisms: fuel system interaction, equivalence ratio fluctuations, and flame front dynamics. Due to the stiff fuel system and distributed fuel injection, the first two interaction mechanisms were found to be less pronounced, which made the flame front dynamics the dominant interaction mechanism.
